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ABSTRACT
Nuclear star clusters surrounding supermassive black holes (SMBHs) in galactic nuclei
contain large numbers of stars, black holes (BHs) and neutron stars (NSs), a fraction
of which are likely to form binaries. These binaries were suggested to form a triple
system with the SMBH, which acts as a perturber and may enhance BH and NS
mergers via the Lidov-Kozai mechanism. We follow-up previous studies, but for the
first time perform an extensive statistical study of BH-BH, NS-NS and BH-NS binary
mergers by means of direct high-precision regularized N -body simulations, including
Post-Newtonian (PN) terms up to order PN2.5. We consider different SMBH masses,
slopes for the BH mass function, binary semi-major axis and eccentricity distributions,
and different spatial distributions for the binaries. We find that the merger rates are a
decreasing function of the SMBH mass and are in the ranges ∼ 0.17-0.52 Gpc−3 yr−1,
∼ 0.06-0.10 Gpc−3 yr−1 and ∼ 0.04-0.16 Gpc−3 yr−1 for BH-BH, BH-NS and NS-NS
binaries, respectively. However, the rate estimate from this channel remains highly un-
certain and depends on the specific assumptions regarding the star-formation history
in galactic nuclei and the supply rate of compact objects. We find that ∼ 10%–20%
of the mergers enter the LIGO band with eccentricities & 0.1. We also compare our
results to the secular approximation, and show that N -body simulations generally pre-
dict a larger number of mergers. Finally, these events can also be observable via their
electromagnetic counterparts, thus making these compact object mergers especially
valuable for cosmological and astrophysical purposes.
Key words: Galaxy: centre – Galaxy: kinematics and dynamics – stars: black holes
– stars: kinematics and dynamics – galaxies: star clusters: general – stars: neutron
1 INTRODUCTION
Recently, the LIGO-Virgo1 collaboration detected six
sources of gravitational waves (GWs), five from merging BH-
BH binaries (Abbott et al. 2016b,a, 2017a,b,c) and one from
merging NS-NS binaries (Abbott et al. 2017d). With ongo-
ing improvements to LIGO and upcoming instruments such
as LISA2 and the Einstein Telescope3, hundreds of BH-BH,
BH-NS and NS-NS binary sources may be detected within a
few years. Thus the modeling of the formation and evolution
? E-mail: giacomo.fragione@mail.huji.ac.il
1 https://www.ligo.caltech.edu/
2 http://www.et-gw.eu
3 https://lisa.nasa.gov
of BH and NS binaries is crucial for interpreting the signals
from all the GW sources we expect to observe.
The origins of BH and NS mergers are actively debated.
Several scenarios have been proposed, such as isolated bi-
nary evolution in the galactic field (Belczynski et al. 2016),
gas-assisted mergers (Bartos et al. 2017; Stone et al. 2017a;
Tagawa et al. 2018), triple systems in the field (Antonini
et al. 2017; Silsbee & Tremaine 2017; Liu & Lai 2018) and
dynamically formed in dense clusters (Wen 2003; Antonini
et al. 2014), mergers of binaries in galactic nuclei (Miller &
Lauburg 2009; O’Leary et al. 2009; Antonini & Perets 2012;
Prodan et al. 2015; Antonini & Rasio 2016; VanLandingham
et al. 2016; Chen et al. 2017; Petrovich & Antonini 2017;
Chen & Han 2018; Ferna´ndez & Kobayashi 2018; Hamers
et al. 2018; Hoang et al. 2018; Randall & Xianyu 2018)
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and other dense stellar systems (Askar et al. 2017; Baner-
jee 2018; Choksi et al. 2018; Fragione & Kocsis 2018; Ro-
driguez et al. 2018; Rodriguez & Loeb 2018; Samsing et al.
2018a). Each model predicts different rates (generally of the
order of ∼ few Gpc−3 yr−1) and can in principle be dis-
tinguished from other channels using the observed mass, ec-
centricity, spin and redshift distributions (see e.g. O’Leary
et al. 2016). For instance, dynamically assembled mergers
are expected to have a non-negligible probability of appear-
ing eccentric when observed (Antonini & Perets 2012; Sam-
sing et al. 2018b; Zevin et al. 2018).
Most of the literature pertaining to dynamically-
induced mergers focuses on BH and NS binaries forming
in globular clusters, while only a few studies have paid at-
tention to the formation of compact-object binaries in the
vicinity of a super massive black hole (SMBH) and in nu-
clear star clusters (e.g. Hoang et al. 2018; Leigh et al. 2016,
2018). The pioneering work by Antonini et al. (2010) and
Antonini & Perets (2012) showed that SMBHs can induce
Lidov-Kozai (LK) oscillations on BH-BH and NS-NS bina-
ries orbiting in its vicinity (Lidov 1962; Kozai 1962), thus
enhancing the probability of merging compact binaries. In
this scenario, the eccentricity of the BH/NS binary reaches
large values (for a review on LK mechanisms see Naoz 2016),
then GW emission drives the binary to merge. While An-
tonini & Perets (2012) adopted a secular treatment for the
equations of motion at the quadruple level of approxima-
tion, Hoang et al. (2018) considered soft binaries and the
importance of expansion up to the octuple order. These cal-
culations adopt the secular approximation to study triples,
which must satisfy hierarchical conditions (Naoz 2016). In
some cases, the inner binary may undergo rapid oscillations
in the angular momentum and eccentricity, thus the secu-
lar theory is not anymore an adequate description of the
three-body equations of motion (Antonini & Perets 2012;
Antognini, Shappee, Thompson & Amaro-Seoane 2014; An-
tonini, Murray & Mikkola 2014; Luo, Katz & Dong 2016;
Liu & Lai 2018; Grishin, Perets & Fragione 2018). For these
cases, direct precise N -body simulations, including regular-
ization schemes and Post-Newtonian (PN) terms, are re-
quired to follow accurately the orbits of the objects up to the
final merger (Grishin et al. 2018; Fragione & Leigh 2018a,b).
Recently, VanLandingham et al. (2016) used N -body simu-
lations of small (∼ 300-4000 stars) clusters surrounding 103-
104 M black holes to study the effect of LK oscillations in
dense environments, while Arca-Sedda & Gualandris (2018)
used few-body simulations to check the merger rates of BH-
BH binaries delivered by infalling star clusters at typical
distances of ∼ few pc.
In this paper, we revisit the SMBH-induced mergers of
compact binaries orbiting in its vicinity. We consider a three-
body system consisting of an inner binary comprised of a
BH-BH/NS-NS/BH-NS binary, and an outer binary com-
prised of the SMBH and the centre of mass of the inner
binary. Figure 1 depicts the system we study in the present
paper. We denote the mass of the SMBH as MSMBH and the
mass of the objects in the inner binary as m1 and m2, while
the semimajor axis and eccentricity of the inner orbit are
ain and ein, respectively, and for the outer orbit, these are
aout and eout, respectively. While previous papers mainly
adopted a secular approximation for the equations of mo-
tion, with a few direct N-body integrations in comparison
MSMBH
ain, ein m1aout, eout
m2
Figure 1. The three-body system studied in the present work.
We denote the mass of the SMBH as MSMBH, and the masses
of the binary components as m1 and m2. The semimajor axis
and eccentricity of the outer orbit are aout and eout, respectively,
while for the inner orbit they are ain and ein, respectively.
to secular evolution (e.g. Antonini & Perets 2012; Hoang
et al. 2018), here, we make the first systematic and statis-
tical study of BH-BH, NS-NS and BH-NS mergers in the
proximity of an SMBH by means of direct high-precision N -
body simulations, including Post-Newtonian (PN) terms up
to order PN2.5. Moreover, we consider how different masses
of the SMBH affect the mergers of compact binaries, and
adopt a mass spectrum for the BHs, while also studying dif-
ferent spatial distributions for the merging binaries. Finally,
we discuss observational diagnostics that can help discrimi-
nate this compact object merger channel from other ones.
The paper is organized as follows. In Section 2, we dis-
cuss the properties and dynamics of BHs and NSs in galactic
nuclei. In Section 3, we discuss the state-of-the-art secular
approximations currently being used in the literature. In
Section 4, we present our numerical methods to determine
the rate of BH-BH, NS-NS and BH-NS mergers in galac-
tic nuclei, for which we discuss the results. In Section 5,
we discuss the predicted rate of compact object mergers in
galactic nuclei and compare our results to secular approx-
imations, while, in Section 6, we discuss the observational
signatures of these events. Finally, in Section 7, we discuss
the implications of our findings and draw our conclusions.
2 BLACK HOLE AND NEUTRON STAR
BINARIES IN GALACTIC NUCLEI
The evidence in favour of the presence of close binaries
composed of compact objects (COs) such as white dwarfs
(WDs), and especially NSs and BHs, in dense stellar envi-
ronments is rapidly growing. Recently, Hailey & Mori (2017)
reported observations of a dozen quiescent X-ray binaries
that form a central density cusp within ∼ 1 parsec of Sagit-
tarius A∗. The authors argue that the emission spectra they
observe are inconsistent with a population of accreting WDs,
suggesting that the X-ray binaries must contain mostly NSs
and BHs. However, the relative numbers of these two types
c© 0000 RAS, MNRAS 000, 000–000
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of COs is an open question. Six other X-ray transients are
known to be present in the inner parsec of the Galactic Cen-
tre, which are also strongly indicative of binaries containing
COs (e.g. Muno et al. 2005; Hailey & Mori 2017). Given the
very dense stellar environments in galactic nuclei combined
with the presence of a central SMBH, these CO binaries
can undergo several fates. They can be hardened to shorter
orbital periods, either by direct scattering interactions with
single stars (Perets 2009a; Leigh et al. 2018), or by LK oscil-
lations due to the SMBH combined with gravitational wave
(GW) emission acting at pericentre (e.g. Antonini & Perets
2012; Prodan et al. 2015).
In their Table 1, Generozov et al. (2018) combine the
reported statistics from the literature to provide estimates
for the numbers of BHs and NSs in the Galactic Centre. In
short, the number of NS X-ray Binaries (XRBs) per stel-
lar mass in the Galactic Centre is roughly three orders of
magnitude higher than in the field, and comparable to the
number expected to be in globular clusters. Similarly, the
number of BH XRBs per stellar mass is roughly three or-
ders of magnitude higher than in the field, and roughly an
order of magnitude higher than in any known globular clus-
ter (e.g. Strader et al. 2012; Leigh et al. 2014, 2016).
These large numbers of NS and BH binaries must come
from somewhere. Yet, little is known about binaries in our
Galactic Centre. A likely explanation is that they are the
remnants of massive O/B stars, since hundreds of these are
known to be present in the inner ∼ 1 pc of Sagittarius A*. In
the Solar neighborhood, the massive-star binary fraction is
very high (& 70%) and the most massive binaries have semi-
major axes of up to a few AU (Sana et al. 2012). This alone is
suggestive of a high rate of NS and BH formation in nuclear
star clusters (e.g. Levin & Beloborodov 2003; Genzel et al.
2008). Interestingly, the discovery of even a single magnetar
within . 0.1 pc of Sgr A* would also argue in favour of a
high rate of NS formation, given their short active lifetimes
(Mori et al. 2013).
This population of CO binaries is continuously depleted
through dynamical interactions with other stars and COs
(evaporation) and GW mergers. A few mechanisms may re-
plenish the CO population. The binaries may come from out-
side the central region near the SMBH, which thus serves as
a continuous source term (Hopman 2009; Alexander 2017).
In this scenario, CO binaries form far from the innermost
region around the SMBH and gradually migrate on a 2-body
relaxation timescale,
T2b = 1.6× 1010yr
( σ
300 kms−1
)3( m
M
)−1
×
×
(
ρ
2.1× 106 M pc−3
)−1(
ln Λ
15
)−1
, (1)
towards smaller distances, where they become active in the
Lidov-Kozai regime. Here, ρ and σ are the 1-D density and
velocity dispersion in the Galactic Centre, respectively, ln Λ
is the Coulomb logarithm and m is the average stellar mass.
On the other hand, our Galactic Centre contains a large
population of young massive O-type stars, many of which
have been observed to reside in a stellar disk. Likely, most
of them were born in-situ as a consequence of the fragmen-
tation of a gaseous disk formed from an infalling gaseous
clump (Genzel et al. 2010). An important question is which
process can make their orbit, which are not observed closer
than ∼ 0.05 pc, approach the SMBH, where efficient Lidov-
Kozai oscillations take place. Both planet-like migration in
the gaseous disc (Baruteau et al. 2011) and disc instabil-
ity (Madigan et al. 2009) have been proposed to make the
in situ binaries migrate, but to which innermost distance
with respect to the SMBH is not known exactly. Other
mechanisms include triple/quadruple disruptions, where a
triple/quadruple is disrupted and the inner binary is left or-
biting the SMBH (Perets 2009b; Ginsburg & Perets 2011;
Fragione & Gualandris 2018; Fragione 2018), and infalls of
star clusters (Antonini & Merritt 2012; Fragione, Capuzzo-
Dolcetta & Kroupa 2017).
Outside our own Milky Way, Secunda et al. (2018) re-
cently showed that CO binaries can form efficiently in Ac-
tive Galactic Nucleus (AGN) disks. The COs migrate in the
disk due to differential torques exerted by the gas, moving
toward migration traps, where the torques actually cancel
(e.g. Bellovary et al. 2016). The COs drift toward the trap
and get stuck there, waiting for the next CO to migrate
toward it. Once close enough, the two COs can undergo a
strong interaction and end up forming a bound binary due
to the dissipative effects of the gas. COs can also accrete
from the disk gas in this scenario, possibly growing substan-
tially and in some cases even forming an IMBH (McKernan
et al. 2012, 2014).
2.1 Outer semi-major axis and eccentricity
The numbers and spatial profiles of BHs and NSs are poorly
known in galactic nuclei. In general, stars tend to form a
power-law density cusp around an SMBH. The classical re-
sult by Bahcall & Wolf (1976) shows that a population of
equal-mass objects forms a power-law density cusp around
an SMBH, n(r) ∝ r−α, where α = 7/4. For multi-mass dis-
tributions, lighter and heavier objects develop shallower and
steeper cusps, respectively (Hopman & Alexander 2006a;
Freitag et al. 2006; Alexander & Hopman 2009a; Preto &
Amaro-Seoane 2010; Aharon & Perets 2016; Baumgardt
et al. 2018), while source terms may make the cusp steeper
as well (Aharon & Perets 2015; Fragione & Sari 2018). Re-
cent observations of the Milky Way’s centre showed that the
slope of the cusp appears to be shallower (α ∼ 5/4; Gallego-
Cano et al. 2018; Scho¨del et al. 2018). As BHs and NSs are
heavier than average stars, they are expected to relax into
steeper cusps, with BHs relaxing into steeper cusps than
NSs (Freitag et al. 2006; Hopman & Alexander 2006b). If
not all BHs have the same mass, but follow a mass distribu-
tion, only the more massive ones would have steeper slopes,
while low-mass BHs should follow shallower slopes (Aharon
& Perets 2016).
In the present study, we assume that the BH and NS
number densities follow a cusp with α = 2. We also study
the effects of the cusp slope, by considering a steeper cusp
(α = 3) and a uniform density profile (α = 0) for BHs,
and a shallower cusp (α = 1.5) for NSs. For the maximum
outer semi-major axis, we take aMout = 0.1 pc following Hoang
et al. (2018), which approximately corresponds to the value
at which the eccentric Lidov-Kozai timescale is equal to the
timescale over which accumulated fly-bys from single stars
tend to unbind the binary (see Eqs. 6-11). However, the ra-
tio of these two timescales generally depends on the binary
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Models: name, SMBH mass (MSMBH), binary type, slope of the BH mass function (β), slope of the outer semi-major axis
distribution (α), ain distribution, ein distribution, merger fraction (fmerge).
Name MSMBH (M) Binary Type β α f(ain) f(ein) fmerge
MW 4× 106 BH-BH 1 2 Hoang et al. (2018) uniform 0.045
MW 4× 106 BH-BH 1 2 Antonini & Perets (2012) thermal 0.261
MW 4× 106 BH-BH 2 2 Hoang et al. (2018) uniform 0.05
MW 4× 106 BH-BH 3 2 Hoang et al. (2018) uniform 0.036
MW 4× 106 BH-BH 4 2 Hoang et al. (2018) uniform 0.041
MW 4× 106 BH-BH 1 0 Hoang et al. (2018) uniform 0.035
MW 4× 106 BH-BH 1 3 Hoang et al. (2018) uniform 0.051
MW 4× 106 BH-NS 1 2 Hoang et al. (2018) uniform 0.026
MW 4× 106 BH-NS 2 2 Hoang et al. (2018) uniform 0.029
MW 4× 106 BH-NS 3 2 Hoang et al. (2018) uniform 0.028
MW 4× 106 NS-NS − 1.5 Hoang et al. (2018) uniform 0.032
MW 4× 106 NS-NS − 2 Hoang et al. (2018) uniform 0.028
MW 4× 106 NS-NS − 2 Antonini & Perets (2012) thermal 0.079
GN 1× 108 BH-BH 1 2 Hoang et al. (2018) uniform 0.072
GN 1× 108 BH-BH 1 2 Antonini & Perets (2012) thermal 0.258
GN 1× 108 BH-NS 1 2 Hoang et al. (2018) uniform 0.054
GN 1× 108 NS-NS − 2 Hoang et al. (2018) uniform 0.044
GN 1× 108 NS-NS − 2 Antonini & Perets (2012) thermal 0.133
GN2 1× 109 BH-BH 1 2 Hoang et al. (2018) uniform 0.087
GN2 1× 109 BH-BH 1 2 Antonini & Perets (2012) thermal 0.3
GN2 1× 109 BH-NS 1 2 Hoang et al. (2018) uniform 0.061
GN2 1× 109 NS-NS − 2 Hoang et al. (2018) uniform 0.048
GN2 1× 109 NS-NS − 2 Antonini & Perets (2012) thermal 0.055
and cusp properties since wide binaries could be affected
by the LK mechanism at larger distances. We also consider
one model where we take aMout = 0.5 pc, to assess how our
results depend on this parameter. As discussed, in-situ for-
mation occurs in our Galactic Centre at larger distances and
some mechanism that delivers such CO binaries closer to the
SMBH has to be invoked. Finally, we sample the outer or-
bital eccentricity from a thermal distribution (Jeans 1919).
2.2 Inner semi-major axis and eccentricity
The inner binary (BH-BH/NS-NS/BH-NS) semi-major axis
and eccentricity are not well known. Different models pre-
dict different distributions. Moreover, the dense environ-
ments characteristic of galactic nuclei should cause both
distributions to diffuse over time, thus changing the rela-
tive distributions. Hopman (2009) made the only attempt
to model binaries very close to the SMBH, even though this
pioneering study accounted only for the 2-body relaxation
process. Other relaxation processes, such as resonant relax-
ation (Rauch & Tremaine 1996), may affect the distribution
as well (Hamers et al. 2018). For what concerns eccentricity,
though it mostly depends on the natal-kick and the common-
envelope phase, it also depends on the scattering of the CO
binaries by local COs and stars. As a consequence, in-situ
formation would probably favour circular binaries, while the
migration scenario would most likely prefer a thermal dis-
tribution, as a consequence of the energy exchange through
many dynamical encounters of the CO binaries with other
stars and COs in galactic nuclei.
Antonini & Perets (2012, see Fig. 1) used the results of
Belczynski et al. (2004) for the initial distribution of BH-BH
binaries orbits, while, for NSs, they used the observed pul-
sar binary population as found in the ATNF pulsar catalog 4
(Manchester et al. 2005). We note that their distributions re-
ferred to isolated binaries and used a simplified approach for
to account for the softening and binary-destruction due to
the crowded environments (following the approach in (Perets
et al. 2007)). Inner eccentricities were sampled from a uni-
form distribution. Recently, Hoang et al. (2018) drew the in-
ner semi-major axes from a log-uniform distribution in the
range 0.1-50 AU, somewhat consistent with the observed
distribution from Sana et al. (2012), which favors short pe-
riod binaries, and the inner eccentricities from a uniform
distribution (Raghavan et al. 2010). Note the caveat that
this distribution corresponds to massive MS binaries, and
not to CO binaries which already evolved and change their
configurations.
2.3 Masses
The mass distribution of BHs is unknown, even in isolation.
Moreover, in galactic nuclei, irrespective of the original mass
function, mass-segregation can make the effective BH mass
function even steeper in the inner-most regions (Aharon &
Perets 2016). This would in turn also affect the outer orbit
distribution, since more massive BHs would have steeper
slopes (Aharon & Perets 2016).
In our models, we sample the masses of the BHs from
dN
dm
∝M−β , (2)
4 http://www.atnf.csiro.au/research/pulsar/psrcat
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in the mass range 5 M-100 M5. To check how the results
depend on the slope of the BH mass function, we run models
with β = 1, 2, 3, 4 for both the BH-BH and BH-NS binaries
(O’Leary et al. 2016). For NSs, we fix the mass to 1.3 M
(e.g. Fragione, Pavl´ık & Banerjee 2018).
2.4 Inclinations and relevant angles
We draw the initial mutual inclination i0 between the inner
and outer orbit from an isotropic distribution (i.e. uniform
in cos i). The other relevant angles, such as the arguments of
pericentre, nodes and mean anomalies, are drawn randomly.
2.5 Timescales in galactic nuclei
In the dense stellar environment of a galactic nucleus, several
dynamical processes other than 2-body relaxation (Eq. 1)
can take place and affect the evolution of the stellar and
compact object populations. On smaller timescales than
T2b, resonant relaxation (Rauch & Tremaine 1996; Kocsis
& Tremaine 2015) randomizes the direction and magnitude
(hence eccentricity) of the outer orbit on a typical timescale
TRR = 9.2×108 yr
(
MSMBH
4× 106 M
)1/2(
aout
0.1 pc
)3/2(
m
M
)−1
.
(3)
On even shorter timescales, vector resonant relaxation
changes the direction (hence the relative inclination) of the
outer orbit angular momentum on a typical timescale
TVRR = 7.6× 106 yr
(
MSMBH
4× 106 M
)1/2
×
×
(
aout
0.1 pc
)3/2(
m
M
)−1(
N
6000
)−1/2
, (4)
where N is the number of stars within aout. In the context
of Kozai-Lidov oscillations, vector resonant relaxation plays
a role, since it may affect the initial inclination of the inner
and outer orbit of the CO binary on timescales comparable
to or even shorter than the Kozai-Lidov timescale (Hamers
et al. 2018).
Finally, binaries may evaporate due to dynamical inter-
actions with field stars in the dense environment of a galactic
nucleus when
Eb
(m1 +m2)σ2
. 1 , (5)
where Eb is the binary internal orbital energy and σ is the ve-
locity dispersion. This happens on an evaporation timescale
(Binney & Tremaine 1987)
TEV = 3.2× 107 yr
(
m1 +m2
2 M
)( σ
300 kms−1
)( m
M
)−1
×
×
( ain
1 AU
)−1( ρ
2.1× 106 M pc−3
)−1(
ln Λ
15
)−1
. (6)
5 Note that pulsational pair instability may limit the maximum
mass to ∼ 50 M (Belczynski et al. 2016).
3 SECULAR AVERAGING TECHNIQUES
The merger time of an isolated binary of component masses
m1, m2, semimajor axis a and eccentricity e emitting GWs
is (Peters 1964)
TGW(a, e) =
5
256
c5a4
G3m1m2(m1 +m2)
(1− e2)7/2. (7)
For a triple system made up of an inner binary that is
orbited by an outer companion, the inner eccentricity can
be pumped by the tidal potential of a distant body via
the Lidov-Kozai (LK) mechanism (Lidov 1962; Kozai 1962).
The LK oscillations occur on a secular timescale (Antognini
2015)
tsec =
8
15pi
mtot
mout
P 2out
Pin
(1− e2out)3/2 , (8)
where mout = MSMBH and mtot = MSMBH+mbin ≈MSMBH,
Pin and Pout are the orbital periods of the inner and outer
binary, respectively. The large values attained by the inner
eccentricity make the overall merger time of the inner binary
shorter since it efficiently dissipates energy when e ∼ emax
(e.g., see Antonini & Perets 2012). The LK-induced merger
time is (Antonini & Perets 2012; Randall & Xianyu 2018;
Liu & Lai 2018)
TLKGW(a, emax) ≈ TGW(a, emax)/
√
1− e2max . (9)
The maximal eccentricity is a function mostly of the initial
mutual inclination, i0, and is usually evaluated by the secu-
lar approximation, which relies on double-averaging of both
the inner and the outer orbits (Randall & Xianyu 2018). In
the leading, quadrupole order, the system is integrable and
has been widely studied (see recent review by Naoz 2016,
and references therein), where coupled oscillations between
the eccentricity and inclination of the inner binary are ex-
cited for sufficiently large initial mutual inclinations. The
inner binary eccentricity approaches almost unity as i0 ap-
proaches ∼ 90 deg.
When the outer orbit is eccentric and the inner binary
has an extreme mass ratio, octupole-level perturbations turn
the system from integrable to chaotic (Li et al. 2014), and
can potentially induce extreme orbital eccentricities, orbital
flips and even direct collisions (Katz et al. 2011; Lithwick
& Naoz 2011). The strength of the octupole perturbation is
encapsulated in the octupole parameter as
oct ≡ m1 −m2
m1 +m2
ain
aout
eout
1− e2out
. (10)
Generally, increasing oct will increase the parameter space
corresponding to orbital flips and very large eccentricities.
The typical timescale for an orbital flip is (Antognini 2015)
tflip =
8
pi
√
10
oct
tsec . (11)
The secular approximation assumes that the triple sys-
tem is hierarchical, namely that Pin/Pout ∝ (ain/aout)2/3 
1, thus ignoring short-term variations (t ∼ Pout) of the oscu-
lating elements, whose typical strength can be parametrized
by the so-called ’single-averaging parameter’ (Luo et al.
2016)
SA ≡
(
ain
aout(1− e2out)
)3/2(
MSMBH
mbin
)1/2
=
Pout
2piτsec
. (12)
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Also, Luo et al. (2016) point out that in addition to the fluc-
tuating terms, additional secular evolution can take place.
Consequently, the resulting fate of the system could be dif-
ferent, since additional extra apsidal and nodal precession
changes the structure of the LK resonance. Grishin et al.
(2017) showed that extra apsidal precession shifts the crit-
ical inclination for the LK resonance and affects the Hill
stability limit of irregular satellites.
Recently, Grishin et al. (2018) used Luo et al. (2016)’s
result to find an analytic formula for the maximal eccentric-
ity that can be reached due to LK oscillations
emax = e¯max + δe ,
e¯max =
√
1− 5
3
cos2 i0
1 + 9
8
SA cos i0
1− 9
8
SA cos i0
,
δe =
135
128
e¯SAmaxSA
[
16
9
√
3
5
√
1− e¯2max + SA − 2SAe¯2max
]
.
(13)
If the inner binary is too compact or the tertiary is too far
away, the maximal eccentricity could be quenched, e.g. by
GR (general relativistic) precession, and the average maxi-
mal eccentricity is given by solving (Grishin et al. 2018)
A¯(1− e¯2max) = 8 GR
e¯2max
√
1− e¯2max + 15j¯2z
(
1 +
9
8
SAj¯z
)
A¯(j¯z, e¯max) ≡ 9− SA 81
8
j¯z + 8
GR
e¯2max
, (14)
where j¯z =
√
(1− e20) cos i0 is the initial normalized angular
momentum of the inner binary and
GR ≡ 3mbin(1− e
2
out)
3/2
mout
(aout
a
)3 Gmbin
ac2
(15)
measures the ratio between the apsidal precession rates in-
duced by Lidov-Kozai and GR perturbations. The above
formulae are valid in the limit oct = 0.
In some configurations the inner binary may undergo
rapid oscillations in the angular momentum and eccentric-
ity, thus the secular theory is no longer an adequate de-
scription of the three-body equations of motion (Antonini
& Perets 2012; Antognini et al. 2014). For instance, this can
happen when the typical time-scale for the angular momen-
tum of the inner orbit to change by of order itself becomes
comparable to (or even shorter than) the outer or inner or-
bital periods (Antonini et al. 2014). Thus, in this case, the
secular approximation can fail to predict both the correct
maximum eccentricity and merger time. Although compu-
tationally expensive (in particular in the case of a third very
massive companion as in this paper), direct N -body simu-
lations including Post-Newtonian (PN) terms represent the
most reliable option for accurately studying the effects of
the tertiary companion in reducing the GW merger time of
the inner binary.
4 N-BODY SIMULATIONS: BLACK HOLE
AND NEUTRON STAR MERGERS IN
GALACTIC NUCLEI
In this section, we use N -body simulations to study the fate
of BH-BH, NS-NS and BH-NS binaries in galactic nuclei that
100 101
ain (AU)
40
60
80
100
120
140
160
i (
)
MW  - = 1 - = 2
MW  - = 2 - = 2
MW  - = 3 - = 2
MW  - = 4 - = 2
MW  - = 1 - = 3
GN   - = 1 - = 2
GN2 - = 1 - = 2
101 102
m1+m2 (M )
40
60
80
100
120
140
160
i (
)
Figure 2. Inclination as a function of the initial semi-major axis
ain and the total mass in merged BH-BH binaries for all models
with f(ain) from Hoang et al. (2018). Most BH binaries that
merge have initial inclinations ∼ 90◦, where the enhancement in
the maximum eccentricity is expected to be larger due to Lidov-
Kozai oscillations.
host an SMBH. We consider three different SMBH masses,
i.e. MSMBH = 4 × 106 M for a Milky-Way-like nucleus
(Models MW), MSMBH = 10
8 M for a M31-like nucleus
(Models GN) and MSMBH = 10
9 M for more massive host
galaxies (Models GN2). For the inner semi-major axis and
eccentricities, we follow the prescriptions given by Hoang
et al. (2018), but also run some models with the sampling
suggested by Antonini & Perets (2012) to check how the
initial conditions affect the final rates. Given the set of ini-
tial parameters as described in Sect. 2, we draw the main
parameters of the three-body system and require that the
inner binary does not cross the Roche limit of the SMBH at
its orbital pericentre distance
aout
ain
> η
1 + ein
(1− eout)
(
3MSMBH
m1 +m2
)1/3
. (16)
Following Antonini & Perets (2012), we set η = 4 since
at shorter distances the inner binary is unstable. We then
integrate the triple SMBH-CO-CO differential equations of
motion
r¨i = −G
∑
j 6=i
mj(ri − rj)
|ri − rj |3
, (17)
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Figure 3. Cumulative distributions of the inner semi-major axis ain (left) and of the outer semi-major axis aout (right) for BH-BH
(top), BH-NS (centre), NS-NS (bottom) binaries that merge in all models with f(ain) from Hoang et al. (2018).
with i = 1,2,3. The integrations are performed using the
archain code (Mikkola & Merritt 2006, 2008). This code
is fully regularized and is able to model the evolution of
objects of arbitrary mass ratios and eccentricities with ex-
treme accuracy, even over long periods of time. We include
PN corrections up to order PN2.5.
For each set of parameters in Tab. 1, we run ∼ 1500
simulations up to a maximum integration time of T = 1
Myr, for a total of ∼ 35000 simulations. From the compu-
tational point of view, this limit represents a good compro-
mise between the numerical effort (large mass ratios and
GW effects slow down the code) and the size of the statisti-
cal sample we want to take into account. From the physical
point of view, we note that our total integration time is
smaller than the typical timescale for vector resonant relax-
ation to operate (∼ few Myr, see Eq. 4; Rauch & Tremaine
1996; Kocsis & Tremaine 2015), which reorients the binary
centre-of-mass orbital plane with respect to the SMBH, thus
affecting the relative inclination of the inner and outer or-
bits and the relative LK dynamics, rendering the 3-body ap-
proximation insufficient (Hamers et al. 2018). Furthermore,
in-plane precession induced by the nuclear cluster potential
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Figure 4. Distribution of the total (m1 +m2) BH-BH mass (left) and primary BH mass (m1) in BH-NS binaries (right) for all models
with f(ain) from Hoang et al. (2018). As expected, the main parameter that affects the mass distribution is the slope β of the BH mass
function.
and departure from spherical symmetry of the galactic nu-
cleus would make the CO center of mass orbit precess even
faster than vector resonant relaxation alone in a MW-like
nucleus (Petrovich & Antonini 2017). Finally, we also note
that our total integration time is smaller than the typical
evaporation time of the CO binaries in galactic nuclei (see
Eq. 6). Taken all together, these considerations justify our
choice of maximum integration time. Nevertheless, we also
take into account in our rate calculations the binaries that
are not affected by the LK cycles within 1 Myr and merge
by emission of GWs alone on longer timescales, without the
assistance of LK oscillations6. Thus, our estimations cor-
respond to a lower limit. We consider in total 23 different
models, which take into account different COs in the inner
binary (BH-BH, BH-NS and NS-NS), different masses of the
SMBHs, different slopes of the BH/NS mass functions, dif-
ferent spatial distributions of the CO binaries, and different
inner semi-major axis and eccentricity distributions. Table 1
summarizes all the models considered in this work.
In our simulations the CO binary has three possible
fates: (i) the CO binary can survive on an orbit perturbed
with respect to the initial one; (ii) the CO binary can be
tidally broken apart by differential forces exerted by the
SMBH, and its components will either be captured by the
SMBH or ejected from the galactic nucleus; (iii) the CO bi-
nary merges producing an GW merger event. We distinguish
among these possible outcomes by computing the mechani-
cal energy of the CO binary. If the relative energy remains
negative, we consider the binary survived (case (i)), other-
wise we consider the binary unbound (case (ii)). Finally, if
the CO binary merges, which occurs if the relative radii of
the two COs overlap directly, we have a GW merger event
(case (iii)).
6 Note that these binaries could however be significantly per-
turbed by dynamical interactions, even before evaporating (Leigh
et al. 2016)
Table 2. BH masses already detected via GW emission.
Name m1 (M) m2 (M)
GW150914 36.0+5.0−4.0 29.0
+4.0
−4.0
GW151226 14.2+8.3−3.7 7.5
+2.3
−2.3
GW170104 31.2+8.4−6.0 19.4
+5.3
−5.9
GW170608 12.0+7.0−2.0 7.0
+2.0
−2.0
GW170814 30.5+5.7−3.0 25.3
+2.8
−4.2
LVT151012 23.0+18.0−6.0 13.0
+4.0
−5.0
4.1 Inclination distribution
We illustrate in Fig. 2 the inclination as a function of semi-
major axis ain and total mass in merged BH-BH binaries in
our simulations for all the models with f(ain) from Hoang
et al. (2018). Most of the BH-BH binaries that merge have
initial inclinations ∼ 90◦, where the enhancement of the
maximum eccentricity is expected to be larger due to LK
oscillations. As discussed in Sect. 3, the exact LK window
angle depends on the physical quantities of the system (Gr-
ishin et al. 2017, 2018), and the final distribution of sur-
viving systems lacks highly inclined binaries (Fragione &
Leigh 2018b). The lack of highly inclined systems shows
the importance of the LK mechanism, since BH-BH binaries
that successfully undergo a merger event originally orbit in a
plane highly inclined with respect to the outer orbital plane
(Fragione & Leigh 2018b). In these binaries, the LK mech-
anism influences the dynamics of the system and induces
oscillations both in eccentricity and inclination, whenever
not suppressed by GR precession. Figure 2 also shows that
some systems that merge have inclinations far from ∼ 90◦,
in particular when the total binary mass is large and the
inner semi-major axis is small. Also, these systems typically
have relatively high initial inner eccentricities.
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Figure 5. Density maps of the masses of the BH-BH binaries that merge in our models (with f(ain) from Hoang et al. (2018)), along
with a comparison to the observed BH masses detected via GW emission (see Tab. 2; Abbott et al. 2016b,a, 2017a,b,c).
4.2 Inner and outer orbital parameter
distributions
We present in Fig. 3 the cumulative distribution of ain (left
panel) for BH-BH (top), BH-NS (centre), NS-NS (bottom)
binaries for all models with f(ain) from Hoang et al. (2018).
Both the SMBH mass and the slope α of the CO binary
spatial distribution around the SMBH significantly affect
the inner and outer semi-major axes of merging binaries, as
a consequence of their Hill stability (Grishin et al. 2017).
Larger SMBH masses imply that, on average, smaller values
of ain are needed to avoid tidal disruption of the CO binaries
after only a few orbits about the SMBH. For the same rea-
son, large SMBH masses typically produce mergers at larger
distances from the SMBH. Obviously, steep binary distribu-
tions (i.e., large α’s) imply that the simulated CO binaries
will, on average, be closer to the SMBH when they merge.
Hence, smaller inner semi-major axes are needed to avoid
tidal dissociation by the SMBH. Finally, the total mass of
the CO binary plays some role in shaping the final outer or-
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bital semi-major axis distribution. CO binaries with smaller
total masses (m1 + m2) typically merge at larger distances
from the SMBH, since their binding energy is easily over-
come by the gravitational pull of the SMBH, which tends
to break the binaries at smaller distances. For BHs, this
translates into steeper mass functions typically producing
mergers at farther distances from the SMBH.
4.3 Mass distribution
Figure 4 shows the distribution of the total (m1 +m2) BH-
BH mass (left) and the primary BH mass (m1) in BH-
NS binaries (right) that merge in all models with f(ain)
from Hoang et al. (2018). The resulting mass distribution
is barely affected by the slope of the binary spatial distri-
bution around the SMBH, with a roughly constant shape
in the range ∼ 25 M − 125 M and a tail extending up to
∼ 180 M for BH-BH binaries. Also, the mass of the central
SMBH does not significantly affect the mass distribution. As
expected, the parameter that governs the resulting shape of
the mass distribution is the slope β of the BH mass function:
the shallower the BH mass function, the larger the typical
total mass of merging BH-BH binaries. In the case β = 1,
we find that ∼ 95% of the mergers have m1 +m2 . 150 M,
while roughly all the mergers have total masses . 100 M,
. 50 M, and . 25 M for β = 2, β = 3, and β = 4, respec-
tively. Similar results also hold for BH-NS binaries.
The slope of the BH mass function is unknown. We
can use the results of our simulations along with the BH-
BH merger events observed by LIGO (see Tab. 2; Abbott
et al. 2016b,a, 2017a,b,c) to constrain the BH mass func-
tion, assuming these mergers took place in a galactic nu-
cleus. We show in Fig. 5 density maps for the masses of
the two merging BHs (m1 > m2), along with data from the
LIGO-observed BH merger events. It is clear that a steep
mass function (β > 1) seems to be disfavored by the current
data, which suggest a shallower BH mass function. How-
ever, we note that BH mass measurements via GW obser-
vations are biased towards more massive BHs, since these
are more easily observed by LIGO. We also note that, al-
though the mass distribution is only slightly affected by the
SMBH mass, the data seem to prefer more massive nuclei
than the Milky-Way. Note, however, that mass-segregation
processes, that can give rise to much steeper effective mass-
functions of BHs in galactic nuclei (Aharon & Perets 2016),
only operate in small-SMBH nuclei where relaxation (and
mass-segregation) times are short.
4.4 Eccentricity
For the systems that merge in our simulations, we compute
a proxy for the GW frequency of the merging binaries. This
is taken to be the frequency corresponding to the harmonic
that gives the maximal emission of GWs (Wen 2003)
fGW =
√
G(m1 +m2)
pi
(1 + ein)
1.1954
[ain(1− e2in)]1.5
. (18)
Figure 6 reports the distribution of eccentricities at the mo-
ment the binaries enter the LIGO frequency band (10 Hz)
for BH-BH mergers in a Milky Way-like nucleus, for differ-
ent values of β and α. The distributions have a double peak
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Figure 6. Distribution of eccentricities at the moment the
binaries enter the LIGO frequency band (10 Hz) for BH-BH
mergers in a Milky Way-like nucleus, for different values of β
and α. The vertical line shows the minimum e10Hz = 0.081
where LIGO/VIRGO/KAGRA network may distinguish eccen-
tric sources from circular sources (Gonda´n & Kocsis 2019). A
significant fraction of binaries have a significant eccentricity in
the LIGO band.
at e10Hz ∼ 10−2 and e10Hz ∼ 1. In our model where we
take aMout = 0.5 pc, we find a similar distribution of eccen-
tricities. Binaries merging in galactic nuclei typically have
larger eccentricities than those formed through most other
channels, particularly mergers in isolated binary evolution
and in SBHBs ejected from star clusters. However, merg-
ers that follow from the GW capture scenario in clusters
(Zevin et al. 2018) and galactic nuclei (Gonda´n et al. 2018;
Rasskazov & Kocsis 2019), from resonant binary-single scat-
tering in clusters (Samsing et al. 2018a), from hierarchical
triples (Antonini et al. 2017; Fragione & Kocsis 2019; Fra-
gione et al. 2019; Fragione & Loeb 2019), and from BH bina-
ries orbiting intermediate-mass black holes in star clusters
(Fragione & Bromberg 2019) also present a similar peak at
high eccentricities. We find that typically ∼ 20–30% of bi-
naries have e & 0.1 in the LIGO band (Gonda´n & Kocsis
2019). In our runs, we also find that some of the CO bi-
naries that merge do not merge due to LK oscillations, but
instead merge by emission of GWs on timescales longer than
1 Myr and with eccentricities at 10 Hz much smaller than
the typical eccentricity reported in Figure 6. Their relative
fraction is typically ∼ 20%-50% of the total mergers we find
in our simulations. When their contribution is taken into
account, the fraction of binaries that enter the LIGO band
with e & 0.1 decreases to ∼ 10%-20%. This fraction is still
larger than previously estimated values (∼ 1%) found in the
literature (Antonini & Perets 2012; VanLandingham et al.
2016; Randall & Xianyu 2018), probably due to the differ-
ent integration schemes adopted. In a secular approach, the
averaged equations of motion could smear out the peak at
high eccentricities and lower the number of binaries entering
the LIGO band with very high eccentricities.
Finally, the high eccentricities we find in those binaries
that merge may imply that a fraction of these binaries could
emit their maximum power at higher frequencies, possibly
in the range of LISA.
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5 MERGER TIME DISTRIBUTIONS AND
RATES
As discussed, the SMBH plays a fundamental role in reduc-
ing the merger timescale from the nominal value in Eq. (7)
(Antonini & Perets 2012; Hoang et al. 2018; Fragione &
Leigh 2018a). In Fig. 7, we present for all models the cu-
mulative distribution of merger times (tmerge; left panel) for
BH-BH (top), BH-NS (centre) and NS-NS (bottom) bina-
ries. The merger time distribution is nearly independent of
our assumptions for the BH mass function slope β and the
CO binary spatial distribution slope α. It depends only on
the SMBH mass. Larger SMBH masses imply shorter merger
times due to more intense perturbations from the SMBH. In
the right panel of Fig. 7, we show tmerge as a function of the
nominal (Peters 1964) GW merger time-scale TGW, for all
binaries that merge in our simulations. Due to oscillations
in the orbital elements, the CO binaries merge much faster
than predicted by Eq. 7, by several orders of magnitude.
5.1 Comparing secular techniques and N-body
simulations
In order to compare the distribution of merger times with
different prescriptions, we take the initial conditions and
calculate the merger time from Eq. (9). We find the maximal
eccentricity by solving Eq. (14) (Grishin et al. 2018). For the
secular case, we use SA = 0, which also implies δe = 0 from
Eq. (13), while for the corrected case, SA > 0 is set from
the system’s initial conditions. If the merger time is shorter
than the secular LK timescale that is required to reach the
maximal eccentricity, we use the secular LK time. We then
filter out the merger times longer than 1 Myr and compare
to the simulated merger times.
We use the initial conditions of the MW NS-NS case
with α = 2 to calculate TLKGW as prescribed above. In addi-
tion, in order to compare with archain, we draw N = 104
initial conditions from the same distribution and use a sec-
ular code to evolve them up to T = 1 Myr and record their
merger times. For the secular code, we use SecuLab7, a
publicly available code that solves the secular equations of
motion up to octupole order with additional secular 2.5PN
terms.
Table 3 shows the expected merger fractions from the
direct N-body and the secular codes, respectively, together
with different methods of evaluating the merger time. TLKGW
is evaluated once using the secular approximation (sec), and
the corrected eccentricity (Grishin et al. 2018; GPF18). The
merger rate is given by the fraction of initial conditions that
result in TLKGW 6 1 Myr. We see that TLKGW slightly overesti-
mates the merger rate in the secular regime, but underpre-
dicts it in the N-body regime.
Overall, the number of events from both simulations
exceeds their expected analytic estimate. For the secu-
lar case, the ratio between the merger rate obtained nu-
merically from SecuLab and analytically from Eq. (9) is
0.004/0.0028 = 1.43. Similarly, for the N-body case, this ra-
tio is 0.028/0.01 = 2.8. The ratio of merger rates for both
7 https://github.com/eugeneg88/SecuLab
Table 3. Fraction of merger for the MW NS-NS case. First and
second row are the fractions from SecuLab and archain, respec-
tively. Third and forth row are the expected mergers from eval-
uating Eq. 9 with different maximal eccentricity evaluations (see
text).
SecuLab ARCHAIN TLKGW sec T
LK
GW GPF18
fmerge 0.004 0.028 0.0028 0.01
Table 4. D and p values for double-sided Kolmogorov-Smirnov
(KS) tests of the cumulative distributions of the merger times.
(D, p) values SecuLab ARCHAIN
TLKGW sec 0.4, 0.23 0.29, 0.58
TLKGW GPF18 0.2, 0.52 0.19, 0.5
simulations is about 0.028/0.004 = 7. The possible origins
of these discrepancies are discussed below.
Figure 8 shows the cumulative distribution of the
merger times for the MW NS-NS case, where both secu-
lar and direct N-body simulations were used. Overall, the
total number of mergers predicted by the corrected GPF18
model is larger, since larger eccentricities are involved, which
is compatible with the numerical results. The secular model
is less accurate with decreasing merger timescales; this is be-
cause the eccentricities involved are extreme, therefore de-
viations from the secular regime are more severe.
On longer merger timescales, tmerge & 104 yr, if the typ-
ical LK timescales are short enough the maximal eccentricity
attained, emax, is usually larger than the predicted one from
1PN theory alone (see their Fig. 5 of Grishin et al. 2018).
Therefore, the mergers occur of faster than expected and
the CDF is underestimated. On the other hand, for short
merger times, the maximal eccentricity of the GPF18 model
unbound, and the merger occurs on the secular timescale.
If, however, tLK
√
1− e2max . Pin, the GPF18 model also
breaks down and cannot describe the system (Antonini et al.
2017), while the value of emax is stochastic. This is because
the fraction of time the inner orbit spends near emax (i.e.
∼ tLK
√
1− e2max) is too short for the inner orbit to complete
one revolution and reach pericentre. Thus it takes longer
time (at least a few secular times) to merge and the CDF is
overestimated.
In order to get a better sense of the corrected prescrip-
tion, we preform two sided Kolmogorov-Smirnov (KS) tests
comparing the cumulative distribution function (CDF) from
the simulated results versus the secular merger time distri-
butions. Table 4 shows the resulting D values and p values
upon comparing the N -body and secular simulations with
the secular and the corrected GPF18 model.
For the KS statistics, the D values are better for the
GPF18 model, since the distance between the simulated and
GPF18 CDFs is smaller. The p values are comparable for all
models. A possible statistical artifact could be the low num-
ber of predicted mergers for the secular case. This suggesting
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Figure 7. Left panel: cumulative merger time (tmerge) distribution for BH-BH (top), BH-NS (centre) and NS-NS (bottom) binaries, for
all models with f(ain) from Hoang et al. (2018). Right panel: tmerge as a function of the nominal Peters (1964) GW merger time-scale
TGW , for the same models as shown in the left panel.
that neither of the models is comparable with the simulated
distributions.
To summarize, the simulated distribution cannot be
fully described by the GPF18 model in a statistical sense,
but the overall trend of larger merger fractions on shorter
merger timescales is consistent with the simulations. Thus,
further improvements in the analytic understanding both
in the GPF18 model and in the Peters (1964) formulae are
highly desired and deserve future work.
5.2 Merger Rates
Although we explore only a limited number of SMBH
masses, we note that the range is relatively representative
of what is expected for galactic nuclei. With the results of
our simulations in hand, we can derive the expected merger
rates of BH-BH, BH-NS and NS-NS binaries. With this, we
can infer the dependence of the rate on the distribution of
SMBH masses in the nearby Universe.
Following Hamers et al. (2018), we calculate the merger
c© 0000 RAS, MNRAS 000, 000–000
BH and NS mergers in Galactic Nuclei 13
Table 5. Rates of CO binary mergers (in Gpc−3 yr−1) as a function of the SMBH mass.
MSMBH ( M) ΓBH−BH ΓBH−NS ΓNS−NS ΓSFNS−NS
4× 106 0.52 0.10 1.71× 10−3 0.16
108 0.24 0.08 1.27× 10−3 0.11
109 0.17 0.06 0.41× 10−3 0.04
Figure 8. Cumulative distribution of merger times for merged
orbits. Red: archain N-body simulation. The analytic merger
estimate for the archain initial conditions is from Eq. 9 is shown
in blue (secular approximation) and green (GPF18 correction,
see text). Cyan: SecuLab secular simulation. The distribution of
initial conditions is the same but the sample is larger (N = 104).
rate for CO binaries as
Γ(MSMBH) = ngalfSMBHΓ
sup
COfbinfmerge , (19)
where ngal is the galaxy density, fSMBH ≈ 0.5 is the fraction
of galaxies containing an SMBH (Antonini et al. 2015a,b),
ΓsupCO is the compact object supply rate, fbin is the fraction
of stars forming compact object binaries, and fmerge is the
fraction of mergers we find in our simulations. For galax-
ies, we assume that the SMBH number density scales as
Φ(MSMBH) ∝ 1/MSMBH (Aller & Richstone 2002), hence
the integrated number density of galaxies scales as
ngal ∝
∫
Φ(MSMBH)dMSMBH ∝ log(MSMBH) . (20)
As in Hamers et al. (2018), we neglect the weak dependence
on the SMBH mass and fix ngal = 0.02 Mpc
−3 (Conselice,
Blackburne & Papovich 2005).
The fraction of CO binaries in the GC strongly depends
on the assumptions regarding their origins. Several possibil-
ities have been discussed in Antonini & Perets (2012); here
we focus on two: ex-situ and in-situ origins. In the ex-situ
scenario, stars form outside the nuclear cluster and then
diffuse inwards. In the in-situ formation scenario, stars are
formed in-situ close to the SMBH. We use simplified as-
sumptions to estimate the supply rate in both cases. For a
relaxed nuclear cluster, Fokker-Planck, Monte-Carlo and N-
body simulations suggest that the fractions of BHs and NSs
in the central 0.1 pc are of the order of γCO = 0.06, 0.01 for
BHs and NSs, respectively (the higher BH fractions are due
to mass-segregation), assuming the background stellar pop-
ulation has a continuous star-formation rate (Hopman &
Alexander 2006a). Following Antonini & Perets (2012) we
take initial binary fractions of fbin = 0.1, 0.07 for BHs and
NSs, respectively. For the compact object formation rate, we
assume that the compact objects are supplied to the galactic
nucleus by 2-body relaxation and mass segregation
ΓsupCO =
γCON∗(0.1 pc)
tseg(0.1 pc)
∝MSMBH(3−β)/β , (21)
where γCO is the fractional number of compact objects;
tseg = T2b(mbin/M) is the timescale for mass segregation
for binaries with mass mbin; and we assume MSMBH ∝ σ4
(Merritt & Ferrarese 2001).
Normalizing the rates to the Milky Way’s Galactic Cen-
tre
ΓsupBH = 2.5× 10−6
(
4× 106 M
MSMBH
)1/4
yr−1 . (22)
ΓsupNS = 2.3× 10−8
(
4× 106 M
MSMBH
)1/4
yr−1 . (23)
The final expression for our rate becomes
ΓBH(MSMBH) = 3.5fmerge Gpc
−3 yr−1×
(
4× 106 M
MSMBH
)1/4
,
(24)
ΓNS(MSMBH) = 3.2×10−2fmerge Gpc−3 yr−1×
(
4× 106 M
MSMBH
)1/4
,
(25)
which is weakly dependent on the SMBH mass, and where
the merger fraction fmerge, which is typically a few up to a
few tens of percents for the various models we considered,
can be found in Tab. 1. We note that in fmerge we have also
included the CO binaries that would merge by emission of
GWs in timescales > 1 Myr, without the assistance of LK
oscillations. These are typically a few percent of the total
mergers in the case of BH-NS and NS-NS binaries, while
∼ 20-50% in the case of BH-BH binaries.
Note that the evaporation time of NS binaries (see
Eq. 6) could become comparable to the segregation time,
and therefore the rates of NS-NS mergers could be even
lower, if supplied from outside the central region of the nu-
clear cluster. If more massive stellar-BHs exist, the most
massive ones will dominate the inner regions due to strong
mass-segregation (Alexander & Hopman 2009b; Aharon &
Perets 2016), and can be resupplied into the inner regions
faster, enhancing the rates by up to a factor of a few. The
larger numbers and faster supply will therefore bias the
mass-function of merging BHs through this process to higher
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masses. Also, the relaxation and mass-segregation times in
non-cuspy nuclear clusters, or when no nuclear cluster exists
(e.g. for SMBHs more massive than ∼ 108 M), could be so
long that the stellar density around the SMBHs is low. As a
consequence, the resupply of stars close to the SMBH cannot
be efficiently attained through 2-body relaxation processes,
but is more likely to depend on the gas-inflow and in-situ
star formation close to the SMBH (Antonini 2013, 2014).
The star-formation rate close to non-resolved regions
around SMBHs is difficult to estimate theoretically. Here,
we try to use an empirical estimate based on our own re-
solved Galactic Centre (see e.g. Bartko et al. 2009). Ap-
proximately ∼ 200 O-stars (likely to later form stellar black
holes) are observed and inferred to have formed over the last
10 Myrs in the young stellar disk close (∼ 0.05− 0.5 pc) to
the SMBH. The number of lower-mass B-stars in the same
environment suggests that similar continuous star-formation
has not occurred over the last 100 Myr. Based on these ob-
servations we may consider an in-situ formation rate of BHs
of ∼ 200/108 = 2 × 10−6 yr−1, i.e. comparable to the es-
timated supply rate of 2.5× 10−6 from mass-segregation of
BHs from outside the central regions. The comparable for-
mation rate of NSs, however, would increase their resupply
rates to the same level as BHs, i.e. much higher than the re-
supply from NSs migrating in from the outside (∼ 2× 10−6
yr−1) and thereby
ΓSFNS(MSMBH) = 2.8fmerge Gpc
−3 yr−1×
(
4× 106 M
MSMBH
)1/4
.
(26)
Table 5 reports the resulting rates as a function of the
SMBH mass. Upon using the semi-major axis and eccentric-
ity distributions following the prescriptions of Antonini &
Perets (2012), we typically get a merger fraction ∼ 2 − 5
times larger than in the case of adopting the initial condi-
tions from Hoang et al. (2018). This is probably related to
the fact that the semi-major axes of CO binaries are typi-
cally smaller in the former case. BH-NS binaries should have
mass segregation times similar to BH-BH binaries, hence we
use Eq. 24. For all SMBH masses considered in this study,
the rates are in the range ∼ 0.17-0.52 Gpc−3 yr−1, ∼ 0.06-
0.10 Gpc−3 yr−1 and ∼ 0.41-1.71 × 10−3 Gpc−3 yr−1 for
BH-BH, BH-NS and NS-NS binaries, respectively. In the
star-formation channel, the NS-NS rate may be as high as
∼ 0.04-0.16 Gpc−3 yr−1. We note that the merger rate is
a decreasing function of the SMBH mass, even though the
relative fraction of merger events is typically larger for more
massive SMBHs (see Tab. 1). On the other hand, more mas-
sive SMBHs imply longer relaxation times, that contribute
to a reduction in the merger fraction and make the rela-
tive rates smaller. Finally, we also run one model where we
take aMout = 0.5 pc, to check how the results depend on this
parameter; wide binaries can be affected by LK cycles at
distances larger than ∼ 0.1 pc. In this case, we find that
typically our merger fraction fmerge is reduced by a factor
of ∼ 2–38.
8 Note that these binaries could however be perturbed by dy-
namical interactions (see e.g. Leigh et al. 2016)
5.3 Comparison of merger rates to previous
studies
We find rates comparable with though somewhat different
from the ones of Antonini & Perets (2012) and those of
Petrovich & Antonini (2017) for spherical clusters (the latter
finds ten times higher rates for the case of a non-spherical
nuclear cluster - not modelled, or compared with in our
work), but lower with respect to other works that explored
the role of the SMBH in reducing the merger timescale of
binaries due to Lidov-Kozai oscillations (Hoang et al. 2018).
Other merger channels typically predict larger rates. Typ-
ical values for globular clusters are ∼ 2 − 10 Gpc−3 yr−1
(Askar et al. 2017; Fragione & Kocsis 2018; Rodriguez et al.
2018) and for nuclear star clusters are ∼ 1− 15 Gpc−3 yr−1
(Antonini & Rasio 2016). For reference, the BH-BH merger
rate inferred by LIGO is ∼ 12 − 213 Gpc−3 (Abbott et al.
2017a).
Before directly comparing different estimates, we em-
phasize that any rate estimate is highly uncertain and should
be considered as an order-of-magnitude estimate, since it
depends on the specific assumptions regarding the star-
formation history in galactic nuclei and the supply rate of
compact objects at various distances from the SMBH, which
remains poorly constrained in the literature.
We note that previous studies that used a similar ap-
proach made use of much larger supply rates, ∼ 10-40 times
higher than considered here. The differences arise for several
reasons, in particular from the different assumptions on the
star-formation rate in the Galactic Centre and nuclear star
cluster. Petrovich & Antonini (2017), Hamers et al. (2018)
and Hoang et al. (2018) considered a resupply rate of BHs
of 10−5 − 10−4 yr−1 from star-formation, where the latter
rate is derived assuming a top-heavy initial mass function
from (Maness et al. 2007). However, this gives rise to sev-
eral difficulties: (1) This rate is based on the formation rates
derived by Lo¨ckmann & Baumgardt (2009) and Lo¨ckmann
et al. (2009) for both NSs and BHs lumped together, while
the formation rate for NSs is actually ∼ 8 times higher than
that of BHs for regular (e.g. Kroupa or Miller-Scalo) IMFs,
and becomes comparable only for top-heavy IMFs; one can
therefore not discuss the number of BHs taking these num-
bers at face value, but consider the division between BHs
and NSs (this issue was accounted for by Petrovich & An-
tonini (2017), Hamers et al. (2018), but not in Hoang et al.
(2018)), and its dependence on the assumed IMF. (2) The
higher rate estimates are based on a top-heavy IMF, which
in-turn is based on results from Maness et al. (2007). How-
ever, this top-heavy IMF was only derived from observations
of old low-mass stars and the results are therefore highly
problematic for the use in this context, as they are based on
a large extrapolation from the low-mass regime up to that
of NS and BH progenitors not probed at all by Maness et al.
(2007). Also note that low-mass stars could already dynam-
ically evolve through mass-segregation and their observed
distribution in the GC does not necessarily reflect the ac-
tual IMF (e.g. see Aharon & Perets 2015). Moreover, direct
observations of massive stars in the GC today, though sug-
gestive of a somewhat top-heavy IMF (Lu et al. 2013), find a
much steeper power-law of −1.7±0.2 compared with ∼ −0.8
in the Maness et al. study of low-mass stars (which also su-
persedes the shallow power-law results from from Bartko et
c© 0000 RAS, MNRAS 000, 000–000
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al. 2010 regarding massive stars), compared with −2.3 for
Salpeter or Kroupa IMFs in the relevant mass-range. (3)
Even more important, all of these estimates considered star
formation throughout the nuclear cluster, rather than the
innermost regions, where the induced mergers actually take
place (especially in the cases considered by Hoang et al.
(2018)), i.e. the COs would have to migrate inwards over
long timescales, and one should then refer to the ex-situ
resupply rate discussed above. Indeed, a recent paper by
Zhang et al. (2019) exploring the long-term evolution of bi-
naries in the cluster shows that the long-term softening and
disruption of binaries due to stars and the SMBH effectively
quench the contribution of secular evolution induced merg-
ers, consistent with the points raised above in the case of
ex-situ supply. The overall numbers of COs derived when
assuming in-situ formation in these other papers are there-
fore at least 10 times higher than actually expected in the
central parts, and, in fact, are at least 10 times higher than
what one can infer from the observed young massive stars
in the GC (Bartko et al. 2009, 2010), or those inferred from
X-ray sources (Muno et al. 2005).
We also briefly note that the binary fraction of BHs and
NSs in nuclear clusters is not well known, and the differ-
ent studies make somewhat different assumptions and def-
initions in their calculations; for example, we calculate the
fraction of BHs/NSs given the fraction of massive progen-
itors in the population and then multiply by the binary
fraction, making use of past theoretical and observational
studies of BH/NSs, while Petrovich & Antonini (2017) and
Hamers et al. (2018) calculated the total binary fraction, in-
cluding the dependence on the mass-function derived from
stellar evolution. The differences on this point, however, are
of order a factor of 1-2, and do not amount to a significant
difference. Finally, our models originally considered bina-
ries up to 0.1 pc where most of the current star-formation
is observed (the young stellar disk). As mentioned above
the merger fractions we find at larger separations up to 0.5
pc are smaller, and therefore, in our models these can con-
tribute at most a comparable number of sources. This poten-
tial factor of two in the rate could then also help reconcile
some of the differences in comparisons with the previous
models which effectively considered star-formation through-
out the central pc.
In summary, we believe the overall higher rate estimates
near SMBHs by a factor of a few up to ∼ 10s in some of the
previous studies mostly arise from the different assumptions
on the star-formation rate in the Galactic Centre and nu-
clear star cluster. If one assumes that it formed only through
in-situ star formation and that star formation occurred as
observed today (at . 0.1 pc) throughout the last ∼ 10 Gyr,
then the resupply rate considered in previous studies should
be valid. For the Milky Way, however, these assumptions
seem not to be consistent both with the star-formation his-
tory over the last 100 Myrs given the observations of OB
stars and X-ray sources (as discussed above), and with the
inferred long-term star-formation history over the lifetime
of the Galaxy (Nogueras-Lara et al., in prep; R. Scho¨del,
private communication), suggesting most of the stars in the
Galactic Centre formed very early (& 8 Gyrs), and at most
a few percents formed in the last Gyr. Nevertheless, the
overall star-formation history in our Galaxy remains poorly
constrained, and one can not exclude that a more vigorous
and continuous star-formation could occur in the nuclei of
other galaxies, in which case a higher rate estimates may
apply, thus a higher merger rate of COs.
6 ELECTROMAGNETIC COUNTERPARTS
AND OBSERVATIONAL SIGNATURES OF
SMBH-INDUCED CO MERGERS
As we noted previously (cfr Sec. 4) the very high (close to
unity) eccentricity, with which the GW signal enters the
LIGO band in the scenario explored potentially proviude an
important observational diagnostic of CO mergers induced
by LK oscillations. In the following, we discuss further obser-
vational diagnostics of this merger channel in relation to pos-
sible electromagnetic (EM) counterparts to the mergers. In
particular, mergers of compact object binaries are expected
to be associated with a strong release of electromagnetic ra-
diation, if the right conditions arise to power an energetic
outflow.
In the case of a NS-NS merger, tidal disruption dur-
ing the inspiral phase leaves behind an accretion torus sur-
rounding the merged object (either a NS or a BH), unless
the two NSs have identical masses (Shibata et al. 2006; Rez-
zolla et al. 2010; Giacomazzo et al. 2013; Hotokezaka et al.
2013; Kiuchi et al. 2014; Ruiz et al. 2016; Radice et al. 2016).
An energetic engine can be driven by rapid accretion onto
to the remnant object and/or by dipole radiation losses if
the remnant is an hypermassive or stable NS (Giacomazzo
& Perna 2013; Ciolfi et al. 2017). Growth and collimation of
magnetic fields during the merger, as well as neutrino losses,
are then believed to power a relativistic outflow. Dissipation
within the expanding flow, and later interaction of the flow
with the interstellar medium, gives rise to radiation that
spans a wide window in the electromagnetic spectrum, from
high-energy γ-rays down to the radio. This basic scenario
has been observationally confirmed with the recent event
GW170817/GRB170817A (Abbott et al. 2017).
Mergers of BH-NS binaries (always resulting in a BH as
the resulting compact remnant) are expected to be accom-
panied by the formation of an hyperaccreting disk only if
the mass ratio between the BH and NS does not exceed the
value ∼ 3−5, with the precise value depending on the equa-
tion of state of the NS and the BH spin (Pannarale et al.
2011; Foucart 2012; Foucart et al. 2018). For larger mass
ratios, the tidal disruption radius of the NS is smaller than
the radius of the innermost stable circular orbit, and no disk
will form, resulting in a direct plunge into the BH (see e.g.
Bartos et al. 2013 for a review). If a rapidly accreting disk
forms, then the resulting EM phenomenology is expected to
be similar to that of the NS-NS case, at least in so far as
the bulk properties are concerned. For the initial conditions
explored in this work, ∼ 10-20% of mergers is expected to
have mass ratios . 5, and hence possibly giving rise to an
accretion-powered EM counterpart.
In the case of a BH-BH binary merger, there is no tidally
disrupted material which can readily supply the accretion
power for a relativistic outflow9. However, following the ten-
tative detection of a γ-ray counterpart by the Fermi satellite
9 Note however that alternative scenarios, involving pure elec-
tromagnetic energy, have also been invoked as alternatives to ac-
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to the event GW150914 (Connaughton et al. 2016), several
ideas were proposed for providing the merged BH with a
baryonic remannt to accrete from (Perna et al. 2016; Loeb
2016; Woosley 2016; Murase et al. 2016; Stone et al. 2017b;
Bartos et al. 2017; Kimura et al. 2017; Janiuk et al. 2017; de
Mink & King 2017). Within the context of this study, the
scenario proposed by Bartos et al. (2017) is of particular rel-
evance; they note that BH-BH binaries merging within an
AGN disk can accrete a significant amount of gas from the
disk, well above the Eddington rate, and possibly give rise
to high-energy EM emission.
Electromagnetic counterparts to binary mergers provide
crucial information on the production mechanism of the bi-
naries, since they can potentially allow a much better local-
ization compared to GWs alone. A distinctive signature of
binary mergers enhanced by LK oscillations in the vicinity
of SMBHs is their relatively short merger timescale com-
pared to that of other formation channels. For example, the
classical channel of isolated binary evolution predicts merger
times ∼ 100 Myr-15 Gyr (Belczynski et al. 2006). The short
lifetimes of the binaries, coupled with their production in
the galactic centers, lead to correspondingly short distances
traveled prior to mergers. We find that these distances are
typically . 0.1 pc, which makes these merger events prac-
tically occurring within the close nuclear region. This con-
stitutes a major difference with respect to the standard iso-
lated binary evolution scenario (Perna & Belczynski 2002;
Belczynski et al. 2006; O’Shaughnessy et al. 2017; Perna
et al. 2018): whether it is a small or a large galaxy, the bulk
of the merger events occurs at projected distances (from the
galaxy center) & 100 pc10. Localization via EM counterparts
hence becomes an especially useful discriminant.
Short GRBs associated with NS-NS mergers, and BH-
NS mergers with a small enough mass ratio to allow tidal
disruption, are expected to be followed by broadband ra-
diation called afterglow, resulting from the dissipation of
a relativistic shock propagating in the interstellar medium
(Sari, Piran & Narayan 1998). The maximum flux intensity
(at any wavelength) is given by
Fν,max = 110 n1
1/2ξB
1/2 E52D
−2
28 (1 + z) mJy , (27)
where E52 is the explosion energy in units of 10
52 erg, D28
the luminosity distance in units of 1028 cm, z is the redshift,
n1 the number density of the interstellar medium in cm
−3,
and it is assumed that the magnetic field energy density in
the shock rest frame is a fraction ξB of the equipartition
value.
The broadband spectrum evolves with time, and we
compute it numerically using the formalism of Sari et al.
(1998). For an energy E = 1050 erg as typical of short GRBs,
standard assumptions for the shock parameters and medium
ambient density ∼ a few cm−3 (more typical of the inner
cretion to produce energy (Zhang 2016; Liebling & Palenzuela
2016).
10 Note that, even if the isolated binary evolution scenario does
predict a fraction of tight binaries with sub-Myr lifetimes (Bel-
czynski et al. 2006), and even ultra-short merger times (Michaely
& Perets 2018), but the merger sites are still dominated by large
scales since isolated binaries are born throughout the galactic
disk.
regions of a galaxy), the afterglow luminosity in some rep-
resentative bands (X-rays and radio) at some typical obser-
vation times is found to be L[2−10]kev ∼ 5 × 1045 erg s−1
at tobs = 1 hr and L5GHz ∼ 6 × 1030 erg s−1 Hz−1 at
tobs = 7 days. In the X-rays, a representative flux thresh-
old is the Swift/XRT flux sensitivity of Flim = 2.5 ×
10−13 erg s−1 cm−2, while in the radio, a 1hr integration
with the VLA leads to a flux threshold for detection of
Flim ≈ 50µJy. In both these bands, detection would be pos-
sible up to a redshift of ∼ 2, considerably larger than the
LIGO horizon11. The detection distances are larger than in
the isolated binary evolution scenario, for which the large
traveled distances lead to a sizable fraction of mergers to
occur in low-density environments, where the afterglow lu-
minosity is considerably dimmer.
Additionally note that, independently of the post-
merger EM signal, a fraction on the order of a few ×10−3
of the GW sources is expected to be accompanied by an
SN-type precursor (Michaely & Perets 2018). This is due to
the fact that the distribution of the delay time between the
last SN explosion and the binary merger has a non-negligible
tail of ultra-short times, on the order of 1-100 yr (see also
(Dominik et al. 2012)).
Detection of an EM counterpart to a GW event gener-
ally allows a redshift measurement. The redshift distribution
of the channel studied here would be one that follows the
star-formation rate, since the merger times are shorter or at
most comparable to the lifetimes of the most massive stars
(as a reference, the lifetime of a ∼ 100M star is about
1 Myr). This would hence constitute another observational
diagnostics.
The relatively easier prospects for detecting EM coun-
terparts from CO mergers in galactic nuclei makes this chan-
nel especially useful for extraction of astrophysical and cos-
mological information from combined GW/EM detections.
This includes, among other, measurements of the Hubble
constant, new tests of the Lorentz invariance, constraints on
the speed of GWs, probes of the physics of mergers and jet
formation, constraints on the equation of state of neutron
stars (see Abbott et al. 2017, and references therein).
7 DISCUSSION AND SUMMARY
In this paper, we have revisited the SMBH-induced mergers
of compact binaries orbiting within its sphere of influence.
While previous studies in the literature adopted the secu-
lar approximation for the equations of motion (Antonini &
Perets 2012; Hamers et al. 2018; Hoang et al. 2018), here
we have performed an extensive statistical study of BH-BH,
NS-NS and BH-NS binary mergers by means of ∼ 35000 di-
rect high-precision regularized N -body simulations, includ-
ing Post-Newtonian (PN) terms up to order PN2.5.
We have shown that the secular approach breaks down
for systems with mild and extreme hierarchies. We used
11 It should however be noted that in the X-rays, when the shock
is still moving at relativistic speeds, relativistic beaming of the
emission will lead to a reduced luminosity for jets which are not
observed on-axis. The fraction of on-axis jets is expected to be on
the order of 1/20 by taking the jet size of ∼ 16 deg inferred for
short GRBs (Fong et al. 2015).
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the recent corrections to the maximal eccentricity emax and
merger times in the quasi-secular regime (Grishin et al. 2018,
GPF18) and tested it against N-body population synthesis
integrations. The total number of mergers is under-predicted
by a factor of ∼ 6 − 10 in the secular approach, and by a
factor of ∼ 2−3 by the corrected GPF18 model. The CDF of
merger times fail to fit either of the distributions, although
the D-value distance between the simulated CDF and the
GPF18 model is closer than for the secular approach. The
difference can be attributed to the original underestimate
of emax in the latter model, which leads to slower and less
frequent mergers.
In our numerical simulations, we have considered differ-
ent SMBH masses, different slopes for the BH mass function
and the binary spatial distributions, and different CO binary
semi-major axis and eccentricity distributions. We find that
the majority of binary mergers happen when the mutual
inclination of the binary orbit and its center of mass orbit
around the SMBH is i0 ∼ 90◦, as a consequence of the Lidov-
Kozai mechanism. We have also shown that the distributions
of the inner and outer semi-major axes of the merging bi-
naries depend mainly on the mass of the SMBH and on the
slope α of the binary spatial distribution around the SMBH.
On the other hand, the shape of the resulting CO mass dis-
tributions depend on the slope β of the BH mass function.
BH mergers observed by LIGO seem to favour β ∼ 1, if
those mergers were to happen around SMBHs. We have also
discussed that the fraction of binaries that enter the LIGO
band with e & 0.1 is ∼ 10%-20%, larger than previous values
found in the literature (Antonini & Perets 2012; VanLand-
ingham et al. 2016; Randall & Xianyu 2018), due to the
different integration schemes adopted.
We have also calculated the resulting rates as a function
of the SMBH mass. We find that the merger rates are a
decreasing function of the SMBH mass and are in the ranges
∼ 0.17-0.52 Gpc−3 yr−1, ∼ 0.06-0.10 Gpc−3 yr−1 and ∼
0.41-1.71 × 10−3 Gpc−3 yr−1 for BH-BH, BH-NS and NS-
NS binaries, respectively. In the star-formation channel, the
NS-NS rate may be as high as ∼ 0.04-0.16 Gpc−3 yr−1.
We find rates consistent with Antonini & Perets (2012), but
lower with respect to previous works (Petrovich & Antonini
2017; Hamers et al. 2018; Hoang et al. 2018), which may
have overestimated the amount of CO binaries supplied to
galactic nuclei through star-formation.
We have also discussed the possible EM counterparts
of these events. Due to their locations, these mergers may
have higher probabilities of being detected also via their
EM counterparts, hence making these CO mergers especially
valuable for cosmological and astrophysical purposes.
Finally, we note that we have adopted 1 Myr for the
maximum integration time in our simulations, since this
limit sets a good compromise between the computational ef-
fort and the size of the statistical sample we generate. This
choice is further justified by noting that the typical timescale
for vector resonant relaxation to operate is ∼ 1-10 Myr, over
which the mutual orbital inclination is reoriented by interac-
tions with other background objects, and renders the 3-body
approximation insufficient (Hamers et al. 2018). Also, we
have neglected the possible precession of the CO binaries’
motion induced by continual weak interactions with other
stars and COs in the stellar cusp surrounding the SMBH
(Alexander 2017). A comprehensive N -body study over long
integration timescales that includes both the SMBH-induced
Lidov-Kozai oscillations and the detailed effects of the back-
ground stars surrounding the CO binaries deserves consid-
eration in future work.
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